Investigation of the effects of enzymatic hydrolysis and hydroxylation on oriented semi-crystalline cellulose by ex situ polarisation dependent Raman spectroscopy by Pranjic, Monika
Investigation of the effects of enzymatic hydrolysis and hydroxylation 
on oriented semi-crystalline cellulose by ex situ polarisation 








M.Sc. by research 
 












The aim of this research is to develop a robust and quantitative Raman-based enzymatic assay 
by investigating degraded, naturally oriented cellulose from celery (Apium graveolens) after 
enzymatic treatment with polarised confocal Raman spectroscopy. . The thesis comprises two 
main studies: a polarisation dependent study on oriented celery (Apium graveolens) cellulose 
and an enzymatic study. The aim of the work on naturally oriented cellulose was to capture the 
Raman signature and increase the understanding of the structural properties of typical, but 
highly oriented, natural semi-crystalline cellulose. Celery cellulose was used as a natural 
substrate for cellulase and LPMO activity and hence represents the spectral background of the 
Raman analytic assay. The Raman signature of celery cellulose at orientations of 0°- 90° in 
increments of 30° ± 1° was analysed using peak intensity ratio analysis (PIR), which showed 
characteristic changes of peak intensities with respect to the collection angle. These are 
consistent with the literature on Ramie fibers. The enzymatically treated cellulose study used 
cellulases Cel7A, Cel7B and LPMO ScAA10 aka CelS2. The Raman spectra were analysed 
using PIR and principal component analysis (PCA). PCA was able to distinguish Cel7A and 
Cel7B treated samples from negative controls due to disruption of axial orientation and 
increased crystallinity, respectively. PIR results showed specific Raman signatures at 1095 
cm−1 and 1120 cm−1 to be potential markers for cellulose modification at advanced stages of 
enzymatic degradation. PCA and PIR analyses on LPMO-treated cellulose showed that the 
samples were similar to its negative controls. This could either be due to the subtle surface 
changes not significantly affecting Raman spectra; or the differences in samples not reaching 
the Raman detection limit. The study represents a starting point for developing a more complex 
polarized Raman assay that requires multivariate calibration and classification models based 
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The worldwide increasing energy demand and concerns about the depletion of non-renewable 
fossil fuels (e.g. coal, petroleum and natural gas) are the driving forces for the industrial 
development of economically viable uses of renewable energy sources of low environmental 
impact.1–3 Cellulosic biomass represents such an abundant carbon-neutral source which is used 
to produce second generation biofuels and various chemicals.4,5 A continuous supply of plant-
based biomass derives from forest residues like wood chip sources, forest debris, as well as 
agricultural waste matter from crop harvesting.4 This makes cellulose an almost inexhaustible 
polymeric raw material6. The exploitation of these resources can have a significant impact on 
energy supply chains as they reduce the need for high-cost energy importation.5 Also, the 
energy production of second-generation biofuels deriving from cellulosic biomass is more 
sustainable. It therefore represents a key material to secure a sustainable low carbon economy 
in the future.7,8 The use of cellulose through conversion into mono- and oligosaccharides has 
since been realised.9  
Cellulose is the most abundant biological material on earth with levels of 1.5 x 1012 tons 
annually and a half-life of several million years.8,10,11 In industry, cellulose is mainly involved 
in paper and cardboard production.9 Further applications involve the production of cellulose 
regenerate fibers and films, as well as the synthesis of cellulose esters and ethers.9,11,12  
Cellulose is entirely composed of carbohydrate polymers (polysaccharides) that, once 
broken into their mono- or oligosaccharide components, can be used in 2nd generation 
bioethanol and biofuel production.8 The strong glycosidic (COC) linkages in linear polymers 
of β-1,4-D-glucose of cellulose microfibrils can be cleaved enzymatically, which allows an 
environmentally friendly conversion of polysaccharide chains into high value components.6,13 
The molecular structure of cellulose I as a carbohydrate polymer with repeating β-D-gluco-
pyranose units is shown in Figure 1.1. The units are covalently linked through acetal functions 
between the equatorial OH group of the C4 and C1 carbon atom (β-1,4-glucan). Every second 
glycosidic ring unit is rotated 180° in the plane to accommodate the preferred bond angles of 





Figure 1. 1: Chemical structure of cellulose I. The non-reducing end is the monosaccharide residue in acetal form, 
while the reducing end of an oligosaccharide is the residue with hemiacetal functionality. The polymeric structure 
is formed by repeating units of cellobiose (β(1→4)-linked D-glucose).14 
 
Cellulose has several crystalline allomorphs, which essentially differ in their ‘pattern’ of 
hydrogen bonds between cellulose chains: Natural cellulose I is produced by bacteria, algae 
and plants. Regenerated cellulose II is non-naturally produced by mercerisation of cellulose I 
fibers (alkali treatment, solubilisation and recrystallisation); and cellulose III can be obtained 
from cellulose II or cellulose I by treatment with liquid ammonia.15–19 However, the work 
described within this thesis primarily focuses on the allomorphic forms of natural cellulose I. 
Cellulose Iα is dominant in organisms such as bacteria or algae. Cellulose Iβ is the main 
component in higher plants and therefore the most abundant form of cellulose found in nature.20 
 
Natural cellulose is very resistant to degradation  and industrially suitable biocatalysts for 
cellulose degradation are relatively slow and inefficient.21 The recalcitrance of cellulose is 
linked to the highly crystalline structure which limits the accessibility of the glycosidic linkages 
.22 The factors affecting the enzymatic degradation of cellulose are hence both substrate- and 
enzyme-related. 23–25 The slow degradation rate and the physicochemical recalcitrance of 




usability.26 Against this background, considerable effort has been expended in attempts to 
identify efficient biokatalysts.27 Although some key factors in enzyme-substrate interactions 
have been elucidated, in-depth investigations of cellulose degradation processes are usually 
challenging because of the insolubility of cellulose substrates.28  
Due to the challenging aspects of studying enzyme activity on insoluble substrates (e.g. 
heterogeneity of the system), a representative enzymatic assay is required, that displays 
cellulose activity on natural cellulose.29–31 Experimental approaches to quantitatively analyse 
insoluble cellulose residues are often time-consuming, require specialized and in some cases 
expensive equipment, and are low in throughput.9,32 Solid-state nuclear magnetic resonance 
spectroscopy (ssNMR) represents such an experimental approach, that can otherwise be used 
to obtain information about substrate compositions and supramolecular structures between 
biomass polymers.33,34 Routinely used methods such as HPLC together with mass 
spectrometric analyses are restricted to the analysis of soluble mono- and oligosaccharides. 
Although insoluble crystalline cellulose products may be hydrolysed for complete analytical 
quantification, this prevents observing the natural supramolecular distribution of remaining 
cellulose chains.35  
High-end imaging techniques such as scanning electron microscopy (SEM), atomic force 
microscopy (AFM) and ultra-violet (UV) microscopy revealed gross changes in the 
morphology of polysaccharide nanostructures after enzymatic treatment and are rich in 
physical analysis.23,36,37 However, they ultimately lack chemical information.   
Against this background, vibrational spectroscopy methods have evolved to a common 
analytical tool for a variety of applications in the field of cellulose research38–44: Raman 
scattering and Infrared absorption (IR) represent the main vibrational spectroscopic methods 
to analyse cellulose. Due to the continuous technological and scientific advances in the field of 
vibrational spectroscopy, native plant cell walls and biopolymer components, their distribution, 
linkages as well as interdependencies can be probed in a comparably fast and cheap manner.32,40   
 
Raman spectroscopy is a vibrational spectroscopy method and as such related to near/ and mid-
IR absorption spectroscopy. Similar to IR absorption techniques, Raman spectroscopy 
measures the vibrational frequencies of molecular bonds.45 These frequencies depend on both 
the bond strength and mass of the bound atoms as well as intermolecular interactions. The 
‘pattern’ of vibrational frequencies from a molecule is, therefore, highly characteristic of a 




molecules.45 While IR spectroscopy is essentially based on illuminating the sample with a 
broad range of wavelengths of IR light, and measuring which wavelengths are being absorbed 
energetically, a Raman spectrum is obtained by illuminating the sample with a single 
wavelength of a laser and analysing the change in wavelength, when the light is being deflected 
by a sample (inelastic scattering).45 
 The fundamental difference between Raman and IR spectroscopy is due to the 
following occurring physical-chemical event: Whereas IR absorption arises by a change in the 
dipole moment of a molecule (known as a separation of charge), Raman scattering is caused 
by a change in the polarizability of a molecule (an ‘induced’ dipole moment acquired in 
proportion to an electric field, the molecule has been subjected to).46 The advantage of Raman 
spectroscopy compared to IR spectroscopy is therefore, that it can also be used in highly polar 
bond systems such as aqueous solutions which is essential for enzymatic systems. 
 
In this study, polarization dependent, confocal Raman spectroscopy with univariate and 
multivariate analyses have been used to investigate degraded, naturally oriented cellulose from 
celery after enzymatic treatment (ex situ). Raman spectra may be readily recorded from solids, 
allowing to probe structural and chemical information such as crystallinity, polymorphism and 
hydrogen bonding of cellulose materials in a non-destructive, label-free and quantitative 
manner.47–49 The study represents a starting point for developing a robust and quantitative 
polarized Raman assay.   
The following sections briefly describe the hierarchical structure of cellulose; the 
Raman spectroscopic analysis of cellulose samples; as well as the mechanisms of the enzymes 







1.1 Natural cellulose substrates 
 
The hierarchical structure of natural cellulose has been the subject of intense research, with 
frequent controversy over results and a consistent supply of new insight.50 The progress was 
closely connected to the introduction and continued development of structure-analysis 
methods, such as NMR and X-ray crystallography. Detailed analysis and modelling of the 
various structural levels of cellulose was essential for the optimization of thermochemical 
reaction procedures and properties of cellulose-based products.9 In general, there are two 
approaches to deconstruct biomass: the thermochemical and the biochemical approach.51,52 The 
thermal techniques suffer from low selectivity and mixed heterogeneous products, as pyrolysis 
and gasification convert biomass into solid (char), biogas and liquid (biocrude/bio/oil) 
fractions.10 Another drawback is that thermochemical biomass deconstruction includes high 
temperatures and environmentally unfriendly pre-treatment conditions with the use of acid, 
alkali and cellulosic solvents in the process of biofuel production.53 The biochemical approach 
is currently costly but more environment friendly and relies on three main unit operations: the 
physical-chemical pre-treatment of the biomass, the enzymatic hydrolysis of polysaccharides 
to mono- and oligosaccharides and finally the fermentation of the sugars by microorganisms. 
The use of enzymes results in substantially more selective products and has a significantly 
lower environmental impact compared to thermochemical approaches.54 With the introduction 
of solid-state NMR for cellulose analysis, it was established that all native celluloses are 
composites of two forms, Cellulose Iα and Iβ, which primarily differ in their pattern of 
hydrogen bonding. The microfibril crystal structures of celluloses and their Iα/Iβ ratio vary 
depending on their source of origin.55,56 Cellulose  Iα has a single-chain triclinic unit cell 
whereas cellulose Iβ (monoclinic unit cell) includes two parallel cellulose chains (Figure 1.2).57 
The individual cellulose chains are held together by van der Waals forces with intramolecular 












                                   (a)                                                      (b) 
Natural cellulose is packed in microfibrils containing a large number of crystalline (ordered) 
and paracrystalline/amorphous (disordered) crystal-surface chains. Bundles of microfibrils 
(sub-fibers) form the cellulosic fiber, as shown in Figure 1.3. 
 
 
Figure 1. 2: (a) Schematic representation for cellulose type I structure Iα. (b) Diagram for cellulose Iβ with two 
parallel cellulose chains. The displacement of sheets is due to the hydrogen bonding. Black zig zag lines are 
cellulose chains. 




1.1.1 Cellulosic substrate: Celery cellulose 
 
This work focuses on the Raman analysis of enzymatic degradation on natural cellulose from 
Celery (Apium graveolens), which contains semi-crystalline cellulose typical for celluloses in 
higher plants. Celery cellulose is highly oriented in nature, which facilitates spectroscopic 
studies because of their uniform structure, as examined by Jarvis et al.56,58–61 The cellulose 
fibers were extracted from the primary cell walls of celery collenchyma. Collenchyma forms 
the fundamental tissue in living (growing), elongated plant cells with irregularly thick cell 
walls. The cell wall consists of a complex matrix of celluloses, hemicelluloses and soluble 
proteins, which in celery collenchyma are mostly pectic polysaccharides (α(1→4)-D-
galacturonosyl) and the hemicellulose xyloglucan (XG).62 Cellulose and hemicellulose are 
complex polysaccharides of hydrophilic character.63 Whilst cellulose consists of β (1→4) 
linked D glucose units which are arranged in a crystalline fashion forming several hydrogen 
bonds, hemicellulose consists of various monomeric units of arabinose, galactose, glucose, 
xylose and mannose in an amorphous structure.64,65 Pectin is a structural acidic 
heteropolysaccharide that binds cells together.62 The structures of pectin and XG are shown in 
Figure 1.4.  
           (a)                                                                                     (b) 
 
The fiber wall morphology of the extracted cellulose was largely retained by the mechanical 
and chemical procedure described in literature.58,60 The cellulose microfibrils in celery 
collenchyma are 2.9 to 3.0 nm in mean diameter with a particle depth distribution of 3.2 nm 
Figure 1. 4: : Chemical structure of (a) pectin and (b) xyloglucan, which are the main components of celery 




and a most probable structure of  24 chains arranged in eight hydrogen bonded sheets of three 
chains.61 The approximate dimensions of the cellulose chains within the celery microfibril are 
shown in Figure 1.5.66  
 
 
Figure 1.6 represents a model of a primary cell wall consisting of cellulose and hemicellulose 
and pectin between the plasma membrane and the middle lamella.67  
 
 
Figure 1. 5: Approximate dimensions of microfibrils from primary cell walls of celery as estimated by Jarvis et 
al. Their results were obtained using wide-angle X-ray scattering (WAXS) analysis.66 The celery microfibril 
diameters are 3.2 x 3.0 nm, containing in average about 21 chains. 
Figure 1. 6: : General representation of primary cell walls in plant. The different polysaccharide 
components form a complex matrix contributing to the primary cell wall enclosed by the middle 
lamella and plasma membrane. The primary cell wall consists of acidic pectin molecules, neutral 
pectin molecules, Ca2+-bridges between pectin molecules, glycoprotein and cellulose microfibril. 




1.1.2 Cellulose crystallinity 
 
A structural feature that affects the rate of enzymatic hydrolysis and hydroxylation of cellulose 
is the degree of crystallinity. For example, it has been shown that the paracrystalline region 
generally hydrolyse faster than the highly crystalline region.68 Moreover, cellulase Cel7B 
which was used in this study, is known to only attack paracrystalline regions, whereas cellulase 
Cel7A can also attack crystalline regions. The crystallinity index (CI) is a quantitative indicator 
for the relative amount of structural order in a material given in percentage (%).69  Multiple 
methods have been established to determine the crystallinity of cellulose. The results vary de-
pending on the methods chosen and hence require cross-validation.38,70,71 FTIR is often used 
for comparison purposes, whereas XRD and NMR analyses determine more accurately the 
crystallinity index.69 One consideration is that XRD and NMR measure the average of the en-
tire cellulose crystal, while carbohydrate active enzymes only interact with the substrate sur-
face area that generally represent <10% of the whole substrate.72 Moreover, other substrate 
characteristics such as fibrillation and macroscopic organization all influence the crystallinity 
measurement.72  
 
1.2 Raman spectroscopy 
 
Technological and scientific advances, like the development of laser sources since the 1960s, 
or multichannel Charge Coupled Device (CCD) and multiplex detectors, drastically increased 
the application of Raman spectroscopies in analytical research.38 Raman spectroscopy was first 
applied in the early 1970s as an analytical tool to investigate cellulose materials.43,73,74 Since 
then it has evolved to a common analytical technique in pulp and paper industry, in 
investigations on biomass and for the analysis of chain polarities, as well as inter- and 
intramolecular bonding.73,75–80 Previous Raman studies also investigated changes in structure 
and properties of biomass during enzymatic treatment, determining that the crystallinity of 
cellulose increases.41 Briefly, the basic experimental arrangement to perform confocal Raman 
spectroscopy includes the following steps: The excitation laser is focused on the sample via an 
optical fiber and the microscope objective. The backscattered light propagates into a fiber that 




microscopic setup (white light source and a camera) is usually available for visual inspection 
of the sample (see Figure 1.7 a). A protractor was used for the angle-dependent alignment of 
cellulose samples, which were attached with minimal tension on a CaF2 microscopy slide (see 
Figure 1.7 b).  
                           (a)                                                                     (b) 
 
For the understanding of physico-chemical information obtained by Raman spectroscopy, the 
following section presents the theoretical background on Raman spectroscopy in more detail. 
 
  
Figure 1. 7: : (a) Set up of a confocal Raman microscope. The system is equipped with a X- Y- stage and a Z-
stage for mapping/scanning (Image free for public use from Gierlinger et al., 2013).28 (b) Image of experimental 




1.2.1 The Raman effect 
 
The Raman effect was first reported in 1928 by Sir C.V. Raman. It describes the change in the 
wavelength of light when a light beam is deflected by molecules (see Figure 1.8).81 This 
inelastic scattering of photons probes the vibrational and the rotation-vibrational states of 
molecules based on the polarizability of the vibrating structure.82  
                               (a)                                                                           (b) 
 
 
Molecules exist in various energy levels with the majority of molecules in their vibrational 
ground state.46 The vibrational ground state 𝑣0 is indicated with a thick line at the bottom of 
the Jablonski diagram in Figure 1.9. If a photon with a discrete energy of ℎ𝑣0 collides with a 
molecule, one of three types of scattering may occur: elastic Rayleigh scattering where the 
energy of the incoming photon remains unchanged; Stokes scattering, where a photon with 
decreased energy ℎ(𝑣0 − 𝑣𝑒𝑥) is scattered; or anti-Stokes scattering, where a photon with 
increased energy ℎ(𝑣0 + 𝑣𝑒𝑥) may be scattered (see Figure 1.9). The majority of light is 
scattered at the same wavelength and frequency as the incident light (elastically). Only 1 in 106 
– 108 photons are scattered inelastically, where the molecules fall back to a different vibrational 
energy state. Conventional Raman spectroscopy only measures the Stokes scattered photons 
since Stokes scattering results in more intense spectra than anti-Stokes scattering. The reason 
is that at room temperature the population of molecules in the vibrational ground state (𝑣0) is 
greater than in the excited state, as defined by the Maxwell Boltzmann distribution.83 The 
electrons are excited to a short-lived, unobservable virtual energy state and return to their 
Figure 1. 8: : (a) Types of scattered light: Rayleigh scattering, Stokes Raman scattering, Anti-stokes Raman 






natural state following the scattering of the photon.46 Infrared (IR) spectroscopy, on the other 
hand, is based on the absorption of a photon in the infrared region. If the molecular bond has a 
dipole moment and the photon is the same frequency as the frequency of a bond, absorption 
occurs.46 The vibrational frequencies are observed as absorption peaks in the IR region of 
transmitted light. 
 
Figure 1. 9: : Jablonski diagram showing vibrational states for description of the Raman effect. The scattered 
photon hv0 deflects from a molecule either elastically (Rayleigh scattering) or inelastically (Raman scattering) 
The Raman effect is explained by the molecule’s excitation to a virtual energy state, where the scattered photon 
has either lower (Stokes scattering) i.e. “red shift” or higher (Anti-Stokes scattering) energy i.e. “blue shift” in 
comparison to the incident photon (modified from Ferraro et al., 2003).46 
 
1.2.2 Inelastic scattering of photons 
Raman shifts involves a change in the energy of a photon from a polarized laser light source 
(UV or visible light).84 The quantum approach describes the Raman effect as collision of 
photons with frequency 𝑣0 and an equivalent discrete energy of ℎ𝑣0, where ℎ represents the 
Planck’s constant  
ℎ = 6.626 × 10−34 J s. The frequency of  its electromagnetic radiation is given by 
Eq. 1 




where E is the energy of a photon given in joules and 𝑣0 is the frequency given in hertz.
46  






where 𝑣 is the frequency expressed in 
1
𝑠
, when c is the speed of light (3 × 1010
𝑐𝑚
𝑠
 ) and 𝜆 is 
the wavelength given in cm. The most common spectroscopic parameter, the wavenumber, is 
given by 
Eq. 3  







where the wavenumber units are given in cm−1. By combining equations Eq. 1, Eq. 2 and Eq. 
3, the mathematical expression of the energy of the incoming photon can be obtained as 
Eq. 4 




Since the Raman effect can be related to the change in wavelength of the incident and 















1.2.3 Polarizability of molecules 
According to the classical description, the atoms of any molecule are connected through 
chemical bonds which can vibrate. The vibrational frequency of the bond can be compared to 
a harmonic oscillator.46 The quantum description of a vibrational energy level however is more 












where h  is Planck’s constant, m is the reduced mass and 𝑣 is the quantum number of the 
vibrational energy state. The polarizability of a molecule is the ability of the incident electric 
field to generate an induced dipole moment in the molecule and can be written as 
Eq. 7 
?⃗? = ?⃑⃑??⃗⃑? 
where ?⃗⃑? is the induced dipole moment, and ?⃑⃑? is the polarizability tensor interacting with the 
electric field ?⃗⃑?.46 A vibrating molecule can change its polarizability which induces a dipole 
that allows the molecule to express a Raman scattered signal.40,46,85 For a vibrational mode to 
be Raman active, the polarizability of the molecule ?⃗⃑? needs to change by the interaction of the 
polarizability tensor ?⃑⃑? and ?⃗⃑?.  
The polarizability 𝛼 depends on the type of chemical bonding and on the electronic structure. 
In particular, the polarizability of anisotropic molecules can vary with position and interatomic 
distances, mainly depending on the symmetry of the molecule.  
The electric field strength 𝐸 of an electromagnetic wave (here: a laser light) varies according 
to 
Eq. 8 




where 𝑣0 is the frequency of the electromagnetic radiation, and 𝑡 is time.
46 From equations Eq. 
7 and Eq. 8, the time dependent induced dipole moment ?⃗?  is 
Eq. 9 
?⃗? = ?⃑⃑?𝐸0⃗⃗⃗⃗⃑cos (2𝜋𝑣0𝑡) 
 
With the assumption that a molecule is set in its equilibrium position, a perturbation in 
the electronic cloud will cause changes in the relative positions of the atoms, resulting in a 
change in the polarizability caused by the the electromagnetic wave.  
If molecular vibrations are defined as the displacements of an atom as 𝑄, then the displacement 
of each atom from the equilibrium position is given by 
Eq. 10 
𝑄 = 𝑄0cos (2𝜋𝑣𝑖𝑡) 
where 𝑄0 is the vibrational amplitude and 𝑣𝑖 is the molecule’s vibrating frequency. The 
polarizability 𝛼 can then be written as a linear function of 𝑄.46 Thus 
Eq. 11 
𝛼 = 𝛼0 + (𝜕𝛼/𝜕𝑄)0  ×  𝑄0 
For a specific vibrational mode to be Raman active, the change of the polarizability of the 
molecule and thus (𝜕𝛼/𝜕𝑄)0 must be non-zero.
46 If the derivative tends to zero, then the 
vibrational mode does not alter the polarizability of the molecule significantly, and the intensity 
of the particular mode will be weak.  
 
1.2.4 Raman intensity 
For a Raman signal to be measurable, it must be greater than the dark current of the CCD 
detector. The Raman intensity is also dependent on the qualitative ability of a chemical bond 




𝐼𝑅 = 𝐼0𝜎𝑖𝐷𝑑𝑧     Eq. 12 
where 𝐼𝑅 is the Raman intensity and 𝐼0 is the laser intensity respectively in Watts.
46 The cross 
section 𝜎𝑖  is proportional to the probability of the laser photon being inelastically scattered and 
is strongly dependent on the change of polarizability. 𝐷 is defined as the density of scatters and 
𝑑𝑧 is defined as the path length of the laser light within the investigated material. Other 
contributing factors involve the laser wavelength, the collection geometry and polarization. 
Higher wavelength lasers improve spectral resolution but at the expense of the peak intensity. 




     Eq. 13 
where 𝐸𝑓𝑓 is the Raman efficiency inversely proportional to the laser wavelength, meaning 
that lower wavelengths provide higher sensitivity.46 
2.7.3 Spatial resolution 
The lateral spatial resolution (laser spot diameter) is 
1.22 λ / NA = 0.7 𝜇m.86    Eq. 14 
The theoretical diffraction limit of the lateral (XY) spatial resolution of the optical microscope 
is determined by the laser wavelength and the NA of the objective, where  
0.61 λ / NA = 0.3 𝜇m.    Eq. 15 
The confocal depth (Z) spatial resolution however requires experimental determination by 
Raman mapping. The depth resolution is dependent on instrumental parameters as well as 
sample parameters, and sometimes interactions between the sample and the optics.86 The 
instrumental depth resolution is sometimes approximated to be 
4 λ NA = ~ 1.8 𝜇m.87               Eq. 16   
The optical processes during Raman microscopy however are more complex, wherefore the 
spatial resolution is often quoted to be in the order of 1 µm in diameter and 2 𝜇m in depth.87 
Under the assumption of celery cellulose microfibrils being 3.2 nm in depth x 3.0 nm wide and 










1.2.5 Molecular vibrations 
In a molecule of N atoms, each atom can move in all three dimensions (x, y and z), resulting 
in 3N degrees of freedom of motion. Along the three principal dimensions of rotation (x, y and 
z), three motions can be related to the translational mode of the entire molecule and three 
motions can be related to rotational modes of the entire molecule. As a result, the remaining 
degrees of freedom which relate to the vibrational motions in a molecule of N atoms is 3N – 6 
for non-linear molecules. For linear molecules, there are 3N-5 vibrational degrees of freedom 
as rotation is not occurring along the molecular axis.46 The frequency of molecular vibrations 
and the relative motions of a molecule are determined by its geometry.88 Raman spectroscopy 
spectra will be specific for any molecule and its vibrational environment, providing a unique 
“fingerprint” of a sample on the molecular level. Figure 1.10 shows a schematic representation 
of the vibrational (a), rotational/translational (b) modes for a triatomic molecule.46 
                                     (a)                                                          (b) 
 
Figure 1. 10: The vibrational, rotational and translational modes in molecules. The arrows show the direction of 
motion of atoms in, above and below the plane, respectively. (a) Vibrational modes are shown in a 2D 
representation. Stretching modes can be subcategorized to symmetric and antisymmetric stretches; scissoring, 
rocking, wagging and twisting represent bending modes. (b) Rotational and translational modes are shown in a 






1.2.6 Polarization dependent Raman spectroscopy 
 
While Raman spectroscopy provides information about the chemical composition of a sample 
under standard conditions, polarized Raman spectroscopy can provide further information, for 
example about the symmetry of vibrational modes and the orientation of the sample. Cellulose 
is a crystalline, polymeric sample, which means that it is anisotropic hence directional. This 
sample property is a necessary requirement to perform polarisation dependent Raman 
spectroscopy: The molecules have fixed positions and the molecular bonds can be aligned in a 
certain orientation in respect to the laser, resulting in very different spectra that can provide 
useful information about the crystal lattice.89,90 Against the polarizability of molecules and the 
Raman intensity introduced in previous chapters, it can be summarized, that the direction of 
polarizability (the induced dipole moment) in relation to the polarised laser (and the electric 
field it produces) is proportional to the Raman intensity. As a result, molecular bonds that are 
oriented parallel to the polarization of the laser are more intense than bonds, that are oriented 
anti-parallel. The spectra obtained by most Raman spectrometers are represented on the x-axis 
as the Raman shift in wavenumber (cm−1) versus intensity (counts or counts/second) on the y-
axis. 
 
1.3 Raman spectroscopic investigations on highly oriented cellulose 
 
Although all cellulosic substrates have a similar chemical composition, often they have distinct 
properties such as size, morphology, crystal structure and crystallinity which result in a 
characteristic Raman spectrum (molecular fingerprint). Though Raman spectra of various 
cellulose substrates have been published, only one study has included the Raman analysis of 
celery cellulose fibers.91 The first part of this work aims to investigate the full Raman spectrum 
of the natural cellulose substrate isolated from celery collenchyma which will be used for 
studies on enzymatic activity with univariate and multivariate analyses. The first step of this 
project was the analysis of the cellulosic substrate and the study of the intensity of the Raman 
spectrum as a function of polarization and orientation of the unmodified cellulose fibrils. 
Subsequently, the impact of microfibril orientation on the relative intensities of Raman bands 
and the directional character of most vibrational bonds contributing to a spectral feature will 




almost perfectly parallel to the fiber axis and consist of almost pure cellulose. Ramie is a 
weakly branched, perennial, herbaceous plant. It is one of the oldest fiber crops and has been 
used for fabric production.92 
Changing the fiber orientation of a highly oriented sample of crystalline cellulose leads to 
characteristic peak changes in the Raman intensity of almost all Raman bands, except for the 
two bands at ~1375 and 437 cm−1, as they involves various bending modes of hydrogen, carbon 
and oxygen atoms.32,44 The Raman bands at 1377 cm−1 was therefore used as reference band 
for peak intensity ratio (PIR) analyses. 
 
Whereas IR absorption arises by a change in the dipole moment, Raman scattering is caused 
by a change in the polarizability of a molecule by an incident electromagnetic wave. The 
Raman polarizability (peak intensity) depends on the angle of orientation between the 
molecular bond and the of the orientation of the polarized laser (electric vector). Specific 
chemical bonds show higher intensities when their arrangement is parallel to the electric vector 
Figure 1. 11: : An example of Raman spectra of oriented Ramie fiber. The spectra show changes depending 
on the polarization direction of the incident laser from 0° (parallel to the electric vector of the laser) to 90° 
(perpendicular to the electric vector of the laser) in increments of 30. The spectra parameters are: 532 nm 
excitation, 0.25 s integration time and 10 accumulations, baseline corrected. Fiber parameters are >95% 
cellulose, high crystallinity and microfibrils aligned parallel to the fiber axis. Image free for unrestricted use 




of the incident laser light (0°). Because of the orientation-dependency, the cellulose fiber 
direction and the laser polarization have to be adjusted in a known and defined way in every 
Raman experiment.32  
As shown in Figure 1.11, cellulose has broad Raman contribution located around 200 – 1500 
cm−1 (fingerprint region) and 2500 – 3700 cm−1 (high wavenumber region). Normal coordinate 
analyses concluded that 60-80% of most individual Raman peaks in the cellulose spectrum 
contain combinatory vibrational contributions from several chemical groups.93,94 Despite 
having the same chemical groups, every cellulose sample has a unique Raman signature due to 
the coherent vibrations of intra- and interspecific chains.95 The following band assignment is 
typical for Raman spectra of celluloses: Previous normal coordinate calculations revealed the 
250-950 cm−1 region to mainly contain vibrational contributions from so-called “heavy atoms” 
(involving C and O).96 The heavy atom bending below 600 cm−1 involves skeleton CCC, COC, 
OCC and OCO bonds. The region above 800 cm−1 and below 950 cm−1  involves heavy atom 
angle bending, ring and CO stretches, as well as external bending modes of methylene groups. 
At 950 cm-1 to 1150 cm−1, the most significant contributions of Raman bands involve ring 
stretching together with COC stretching motions. Angle bending of hydrogen atoms coupled 
to a heavy atom (methine bending, methylene bending and COH in-plane bending) are located 
between 1200-1450 cm−1. The high wavenumber region above 2500 cm−1 involves 
characteristic group stretching modes such as CH stretches ~2850 cm−1 and OH stretches ~3500 
cm−1.97 It is noticeable that the stretching modes are substantially more Raman active than the 
bending modes98. 
The peaks around 1100 cm−1 are widely considered to be unique Raman peaks for the 
glycosidic bond stretches in cellulose.96 More precisely, the signature Raman bands at 1095 
cm−1 (symmetric COC stretch) and 1120 cm−1 (asymmetric COC stretch) are commonly used 
as natural biomarkers in Raman imaging.99 Other components (such as e.g. hemicelluloses) 
have very small contributions to these peaks.100 It is therefore assumed that these Raman bands 
will provide a straightforward approach to contrast underlying mechanisms of enzymatic action 
on cellulose.  The 1500 - 1800 cm−1 region does not contain any structural peaks in the Raman 
spectrum of native celluloses.101 The oxidatively introduced carbonyl bonds (C=O) in LPMO 
treated cellulose are expected to appear at ~1700 cm−1. This region does not contain any peaks 




In this project, polarisation dependent confocal Raman spectroscopy has been used as 
the Raman spectroscopic method to investigate celery cellulose. Previous polarized Raman 
studies on celery fibers have been focused on the orientation of the fibrillar structure while 
applying micromechanical strain and these spectra have not been published in their entirety.91 
To our knowledge, the application of polarised Raman spectroscopy on highly oriented 
cellulose fibers for enzymatic degradation studies has not yet been exploited. Each average 
Raman spectrum comprises 50 – 150 individual Raman spectra. This can lead to difficulties in 
extracting hidden information, wherefore univariate peak intensity analysis (PIR) in 
combination with multivariate Principal component analysis (PCA) will be performed.47 
 
 
1.4 Enzymatic cellulose deconstruction 
Numerous enzymes are involved in the degradation of plant biomass. The following section  is 
confined to enzymes involved in cellulose degradation and describes their chemical mode of 
action.  
 
1.4.1 Cellulases  
 
More than 130 glycoside hydrolases (GH) families have been classified that employ inverting 
or retaining hydrolysis mechanisms to cleave glycosidic linkages.102 Enzymatic degradation of 
polysaccharides was traditionally thought to occur through the synergistic action of classical 
glycoside hydrolases. GHs can be divided into three main categories: endo-1,4-β-glucanases 
(EGs) that create new chain ends by cleaving internal glycosidic bonds within the amorphous 
region of cellulose; cellobiohydrolases (CBHs, also known as processive exocellulases103), 
which hydrolyses cellulose in a processive manner generating disaccharide units (cellobiose); 






Cellulolytic enzymes (GHs) hydrolyse glycosidic bonds via acid catalysis, which requires a 
proton donor and a nucleophile/base. Hydrolysis occurs via two main mechanisms, giving rise 
to either the retention or inversion of the anomeric configuration.  
The products formed by insertion of water are essentially shown in the figure below. 
The structural basis of this behaviour is a remarkable substrate binding region involving up to 
10 pyranose sub/sites located in a groove or tunnel (1 and 2).104,105 Cel7A from Trichoderma 
reesei is the most studied CBH.106 In 1998, Divne and co-workers reported the first high-
resolution crystal structure of Cel7A with bound substrate (see Figure 1.13). They noted that 
the intensity of enzyme substrate interactions increased towards the product site.104  It has also 
been shown experimentally, that the product site also exhibits an anomeric selectivity, which 
influences the product profile.107  
Figure 1. 12: General mechanism of cellulose degradation by cellulases. 




The resulting idea is, that a characteristic product profile might lead to a characteristic pattern 
of cellulose degradation might lead to distinguishable features in the Raman spectra of 
degraded cellulose, that can be used as ‘markers’ for these kinds of enzymatic actions.  
 
In this study, cellulases Cel7A and Cel7B have been used to study cellulose modifications on 
highly oriented cellulose. Three dimensional structures of cellulase Cel7A (CBH I) have shown 
that the active sites of CBHs are located inside the tunnel, and Cel7A acts in a progressive 
manner from the reducing end of cellulose.108 The action of CBHs draws the cellulose chain 
away from its neighbouring chains, causing chain disruptions. Moreover, CBHs perform 
multiple hydrolysis reactions simultaneously without dissociating from the substrate.109  
Cel7A (PDB 4V20) is a key industrial cellulase and a commonly used model system 




Cel7B (PDB 1A39), which is an endo-1,4 glucanase, however is only active on 
paracrystalline (amorphous) cellulose regions.110 Cel7B is a retaining beta-glycosidase 




hydrolase that serves a biological role as part of the secreted cellulolytic apparatus of the 
fungus.111 
.  
1.4.2 Lytic polysaccharide monooxygenases 
 
A significant industrial progress has been made with the discovery of Lytic Polysaccharide 
Monooxygenases (LPMOs), which have since been introduced into commercial cellulolytic 
enzyme cocktails to ‘boost’ biological biomass degradation.14,112 With the discovery of lytic 
polysaccharide monooxygenases (LPMOs) in 2010, a new class of oxidative enzymes were 
discovered that introduce chain breaks in glycosidic linkages in polysaccharides oxidatively 
and increase the rate of polysaccharide conversion in conjunction with conventional glycoside 
hydrolases such as classical cellulases.14,11224 LPMOs are copper containing metalloenzymes 
which cleave polysaccharides or oligosaccharides at position C1 and/or C4 by activation of 
O2.113 Over 5700 known LPMO sequences are listed in the Carbohydrate Active enzyme 
(CAZy) database, grouped in seven different classes of “Auxiliary Activity” enzymes (AA) 
followed by an identification number, i.e. AA9-AA11, AA13-AA16.114–118 LPMOs share a 
slightly distorted Immunoglobulin-like beta-sandwich core structure of two β- sheets 
comprising seven or eight β-strands. The helices and loops connecting the core β-strands are 
responsible for their structural diversity. The longer loops vary greatly among the different 






The active site of LPMOs contains a copper ion coordinated by an N-terminal histidine and an 
amine from a side chain of a second histidine. The three provided nitrogen ligands generate a 
T-shaped configuration to the copper ion known as the histidine brace.113  
Figure 1. 15: Enzymatic structure of Cel7A (PDB 4OY7). Image generated in CCP4MG. 




The active site of LPMOs is exposed to the flat protein surface, where it can be in direct contact 
with the polysaccharide substrate. The catalytic cycle is believed to be initiated by the reduction 
of LPMO-CuII to LPMO-CuI by an external electron donor.120 In this study Na-ascorbate was 
used, which is a common reducing agent used for in vitro experiments.  The catalytic cycle 
leads to the oxidation of the C-H bonds (~100 kcal/mol).120 In the study presented within this 
thesis, Na-ascorbate was used as external electron donor  Cellulose active LPMOs include strict 
C1-oxidisers, strict C4-oxidisers and mixed C1/C4 oxidisers, although also C6 active LPMOs 
have been discussed.121 LPMOs are copper containing enzymes that depolymerize 
polysaccharides through an oxidative mechanism involving regio- and stereoselective 
hydroxylation of cellulose at the C1 or C4 carbon to C=O. This subsequently cleaves the 
glycosidic bond and increases the amount of chain termini in the structure.  
 
Figure 1. 17: General mechanism of cellulose degradation by LPMOs. 
LPMO action results either in an aldonic acid at the reducing end of glucose molecules (C1 
action), or a 4-keto-aldose at the non-reducing end (C4 action), depending on the activity of 
the enzyme.113,122 It should be noted that LPMOs are not considered to decrystallise polymers 
to the same extent as cellulases.122 In this study, LPMO ScAA10 has been used to study 
cellulose modifications on highly oriented cellulose. The literature states ScAA10 also known 




1.5 Research Objectives 
Drawing on previous work in the field of Raman studies on cellulose, this project seeks to 
determine the effect of enzyme action on highly oriented cellulose. A main goal of the Raman 
spectroscopic analysis is to identify Raman peaks that are significant for cellulose degradation 
and show how these spectral features can be correlated to the substrates’ struc tural information. 
For this purpose, one LPMO ScAA10 (also known as CelS2) and two cellulases Cel7A and 
Cel7B have been used. The enzymes were used to degrade enzymes and washed out to analyse 
the cellulose ex situ after enzymatic treatment. The original contribution of this study is the 
implementation of a new analytical tool to quantitatively assay enzymatic activity on semi-
crystalline cellulose with polarization dependent Raman spectroscopy. The key hypothesis 
underpinning the purpose of this study is that the enzymatic modifications (C=O and OH bonds, 
as well as chain cleavages) of highly oriented cellulosic substrate is a newly introduced bond 
into the cellulose structure that can be detected and quantified by Raman spectroscopy with 
univariate and multivariate analysis. Moreover, changes in the crystalline surface structure 
should be detectable and quantifiable. In the work described within this thesis, two known 
cellulases (Cel7A, Cel7B) and one LPMO (ScAA10, also known as CelS2) were used to 
investigate the effects of enzyme action on oriented cellulose with Raman spectroscopy.  
All enzymes differ in their chemical mode of action. The hypothesis of this thesis is to identify 
‘patterns’ within the Raman spectra of degraded cellulose that allow to classify and characterize 
these individual modes of action. To facilitate this task, two techniques of spectral analysis 
were used: peak intensity ratio (PIR) and principal component analysis (PCA). PIR analysis 
allows to compare relative peak intensities across samples, whereas PCA is used as a pattern 
recognition procedure.124   
1.6 Outline of the thesis 
The thesis comprises two main studies: a polarization dependent study on celery cellulose and 
an enzymatic study. In chapter 3, a comprehensive polarisation dependent Raman study on 
reference spectra of naturally highly oriented and semi-crystalline celery cellulose was 
performed. The purpose of this research work was to characterize the Raman signature of celery 
cellulose as it represents the sample background of the Raman-based assay. Chapter 4 
investigates celery cellulose after enzymatic treatment with polarisation dependent Raman 




2. Materials and Methods 
 
2.1 Semi-crystalline cellulose fibers 
The fibers used for this study were from celery, which was bought from the local supermarket 
(Waitrose). Well-oriented, semi-crystalline cellulose fibers from cell wall tissue (collenchyma) 
were isolated and prepared according to protocols from the literature.56,60,125 Briefly, the fibers 
were pulled out by hand then placed into acetone for 5 min, rinsed with deionised water for 5 
min and washed with 1  g/L  Tween 20 in H2O for 5 min. Tween 20 is a detergent (surfactant) 
that helps dissolve the plasma membrane and releases membrane proteins. The fibers were then 
treated with 1  mol/L HCl at 100 °C for 1 h followed by a mild alkali extraction in 0.1  mol/L 
NaOH for 30 min and lastly titrated to pH 6.5 in 20% (v:v) acetic acid. This procedure allows 
the removal of non-cellulosic polysaccharides.The fibers were then dried on a glass petri dish 
at room temperature.  
  






ScAA10 (also known as CelS2) was used for the enzymatic degradation of semi-crystalline 
cellulose by LPMOs. ScAA10 (PDB 4OY7) was prepared by Dr. Hemsworth through 
heterologous expression in E.coli and provided by Dr. Urresti, University of York. Briefly, the 
protein was expressed in BL21 (DE) E. coli. Over night culture (ONC) was started with 15 mL 
LB medium at 37 °C and 180 rpm and transferred in 500 mL LB (inoculation with 5 mL ONC). 
The cell growth (37 °C and 180 rpm) was monitored by measuring the suspensions optical 
density  at 600 nm (OD600). At a concentration of 1 mM, (OD 0.6 – 0.8), Isopropyl β-D-1-
thiogalactopyranoside (IPTG) was added which induces protein expression. The cell culture 
was left overnight at 16 °C and 180 rpm. The protein was then isolated from the periplasm and 
purified by cation exchange chromatography through a 5-ml HiTrap SP HP (GE Healthcare) 
column equilibrated in 50 mM sodium acetate, pH 5. The protein was then purified by size-
exclusion chromatography on a HiLoad 26/60 Superdex 75 column (GE Healthcare) in 20 mM 
sodium acetate, pH 5.0, 250 mM NaCl. Peak fractions were pooled and concentrated by 
centrifugation on a Sartorius 10 kDa molecular weight cut off concentrator.114 
CBH Cel7A (PDB 4V20) from Asperillus fumigatus and Cel7B (PDB 1A39) from Humicola 
insolens were expressed in A. oryzae strain JaL250 and purifeid as described previously.111,126 
Both cellulases were provided by Dr. McGregor, University of York. 126 
 
2.3 Enzymatic (Biochemical) Reactions 
The experiments were conducted in triplicate at 38 °C. Cellulose fibers were cut in same-sized 
pieces of ~0.7 cm. An enzyme concentration of 1 𝜇M and 20 mM MES buffer, pH 6.5, was 
used in a total reaction volume of 300 𝜇L in 1.5 mL Eppendorf tubes. The concentration of 
reducing agent for LPMO treated replicates was 1 mM Na-ascorbate. The Eppendorf tubes, 
which were used as reaction vessels, were opened every 24 h to ensure aerobic conditions. At 
the same time, reducing agent was added to the respective samples to counteract depletion 
(every 24 h). Negative controls for ScAA10 contained either the LPMO enzyme without 
reducing agent, or the reducing agent without the enzyme. The LPMO enzyme is considered 
to be inactive without reducing agent. Negative controls for Cel7A and Cel7B  only contained 




72 h, the remains of the cellulose fibers were withdrawn and washed thoroughly with deionized 
water. The washing step was repeated three times and the samples were dried in 1.5 mL 
Eppendorf tubes at room temperature before Raman analysis. The supernatant was subject to 
sugar analysis with MALDI-TOF Mass spectrometry as described in Vaaje-Kolstad et al..112  
 
 
2.4 MALDI-TOF spectrometry 
The analysis of liquid fractions was performed by mass spectrometry for verification of enzyme 
activity. Briefly, 9-10 mg/ml 2,5-dihydroxybenzoic acid in 50% acetonitrile with 0.1% 
trifluoroacetic acid (TFA) was used as matrix. A 1:1 concentration of 1𝜇L sample to matrix 
was pipetted and dried on a SCOUT-MTP 384 target plate (Bruker) and analysed on an 
Ultraflex III instrument (Bruker) by matrix-assisted laser desorption ionization-time of flight 
(MALDI-TOF), as described in literature.112 
 
 
2.5 Acquisition of IR spectra (ATR-IR spectroscopy) 
The IR beam enters the reflecting ATR crystal at an angle of typically 45° and is several times 
reflected at the crystal to sample interface. A fraction of light known as evanescent wave 
reaches into the sample. The evanescent wave is attenuated in the spectral regions where the 
sample absorbs energy, and the IR beam exits the ATR crystal where it is directed to the IR-





2.6 Raman experimental measurements 
Dry cellulose microfibrils were rotated along the x-y plane to investigate the dependency 
between cellulose fibril orientation and direction of polarization. The incident electromagnetic 
wave transverses  the z axis and is y- polarized. For Raman measurements, the fibers were 
taped to a CaF2 slide with minimum tension. Figure 2.1 shows the orientation of the celery 
fiber relative to the laser light. 
2.7 Raman Parameters  
A HORIBA XploRA micro-Raman instrument equipped with a 100x objective and numerical 
aperture (NA) of 0.9 was used. The 100x objective lens was used to gain a smaller spot size 
and acquire Raman spectra of good quality. The cellulose spectra were collected with a laser 
wavelength of 𝜆 = 532 nm (green) with a 90 s integration time, two accumulations and three 
spectral windows. The spectral window is governed by the dispersion and the chip width of the 
CCD detector. Including the integration time and the windows, which requires the spectrometer 
to move to build up the spectrum, the total collection time for an individual Raman spectrum 
was 15 minutes. The laser filter was set to 25%, resulting in 1.9 mW power at the sample. All 
data collection was monitored real-time to prevent laser-induced damage to the samples. A 
greater slit width than 200 𝜇m slit setting decreases the spectral resolution. The Raman light 
Figure 2. 2: Experimental setup for Raman measurements. Shown in green is the position of the celery fiber 
which was oriented along the x-y plane of the microscopy stage. The laser source is mounted on top of the 





propagates through the entrance slit and grating mirror via a second mirror onto the Andor 
CCD detector.128 Figure 2.2 shows a typical set up of a confocal Raman microscope. To achieve 
high spectral resolution, the highest density of 2400 lines/mm diffraction grating was used. The 
confocal pinhole enables the rejection of out-of-focal-plane signals and was set to 100 𝜇m 
resolution depth. A greater resolution depth allows more than one focal plane of the sample to 
be measured.129 Confocal settings were used meaning the spectra were only taken from single 
focal planes. These are optimized settings that allowed high spectral quality. The Raman 
spectra were measured at 200 cm−1 – 1800 cm−1 (fingerprint region) and 2500 cm−1 – 3700 
cm−1 (high wavenumber region) at room temperature. As part of the Raman measurement 
acquisition, two types of corrections were performed: Intensity correction system (ICS) and 
dark correction. The ICS correction factor allows to yield the same results with different Raman 
acquisition settings. The dark current correction subtracts a pre-determined dark file from the 
spectrum to correct the detector response and pixel variation of a spectrum. 
 
2.7.1 Laser wavelength 
The Horiba XploRA Raman microscope comprises two different laser excitations: 532 nm 
(green) and 785 nm (near-IR). Near-IR lasers are most often used for lignocellulosic materials 
as they reduce fluorescence interference.38,40 Moreover, longer laser wavelengths increase laser 
spot size.86 Green and blue lasers represent the best compromise between Raman efficiency 
and analysed volume for crystalline cellulose materials.  
 
2.7.2 Spectral resolution 
A higher number of lines/mm in the spectral grating results in a greater spectral resolution. The 
grating disperses the scattered light onto the CCD detector (1650x200 pixels) by deflecting 
each wavelength at a different angle to generate the Raman spectrum. Besides the diffraction 
grating and the detector, the spectral resolution is also dependent on the laser wavelength and 
the spectrometer focal length. The focal length is the distance between the dispersing grating 
and the detector. The focal length is 200 mm for the HORIBA XploRA Raman microscope 
(low/medium resolution).128 Against this background, the spectral resolution of the instrument 




2.8 Peak fitting and fitting uncertainties 
The spectra were linear baseline corrected, total area normalized and 0.65 cubic spline 
smoothed in Raman Tool Set before curve fitting.130 The fitting was performed in Igor Pro.131 
To ensure reproducibility, the peaks were fitted manually either individually or in small 
sections across the spectrum. Igor provides Gaussian, Lorentzian and Voigt fitting profiles. 
Gaussian fittings were applied for cellulose spectra as the samples within this study were dry 
cellulose fibers (solid residues). This facilitates statistical analyses as many physical and 
chemical processes are governed by Gaussian statistics.132 The fitting uncertainties were 
measured by fitting the average wave ± the calculated standard error (SE). The maximum 
variance for each peak was represented as its fitting uncertainty.  
 
2.9 Peak intensity ratio analysis 
Peak positions were obtained from peak fittings in Igor Pro.131 Peak-intensity ratios were 
calculated with respect to the peak at 1375 cm−1, which comprises different hydrogen, oxygen 
and carbon containing bending modes and is considered to be independent of polarization 
angle.133 
2.10 Statistical measurements 
The number of Raman spectra needed to represent the average structure of a given cellulose 
sample reflects its optical heterogeneity. The optical heterogeneity (the scattered light 
intensity) is influenced by the chemical composition and structural properties (topology) of the 
sample.48 The Raman signatures collected from one point in the sample to the next may vary. 
Raman spectra vary in peak intensity and spectral background, therefore statistical tests have 
been developed to determine the number of spectra required to fully characterize a cellulose 
sample. Initially, a pilot dataset of approximately 150 individual Raman spectra of dry 
crystalline cellulose before enzymatic treatment was acquired. From this dataset, a convergence 
test was performed. The convergence test compares the average waves, standard error (SE) of 
the mean and second order standard deviation (2SD) of a set of baseline corrected spectra. The 
individual Raman spectra were analysed by increasing the amount of randomly selected data 




low (<1.7%), the average spectrum was defined as “converged”. The spectra are included in 
the appendix S1 
 
2.11 Principal component analysis (PCA) 
Principal component analysis (PCA) is an unsupervised multivariate analysis method used in 
data analysis to show variations in large datasets. More specifically, it highlights the 
components that differ in a Raman spectrum or simply suppresses noise by separating samples 
by distinguishable spectral features.134 PCA converts correlations (or lack thereof) among 
datasets into a 2D or 3D cartesian graph. It reduces the dimensionality of a dataset by removing 
dependent datapoints, while retaining its variability.135 The ‘relevant’ data is compressed into 
a PCA plot where clusters indicate highly correlated spectral features. The data reduction is 
achieved by transforming the spectra to a new set of uncorrelated variables. In Raman 
spectroscopy for example, the original spectrum axes report the intensity at wavenumbers. The 
PCA axes show the ‘intensity’ of contribution from each principal component (PC) to the 
spectrum. The spectral resolution of our system is approximately 1 cm−1 (see 2.7.4 Spectral 
resolution). The intensity of any given pixel will be correlated to the intensity of its 
neighbouring pixel, as the CCD pixel spacings are > 1 cm−1 across the spectrum. The number 
of peaks present in our spectra is ~ 35, the number of datapoints is significantly higher. PCA 
seeks to find the eigenvalues and eigenvectors of a covariance matrix, whereby it represents 
the data as a set of linear, orthonormal functions. PC1 captures most variance of the dataset, 
PC2 describes the most uncorrelated (orthogonal) variance to this, PC3 is again orthogonal to 
PC2and so on. The covariance matrix is described as 
𝑆 =  𝑋′0  ∗ 𝑋0/(𝑛 − 1)    Eq. 17 
where 𝑋0 are the mean-centered spectra in rows and n are the number of samples.
135 The 
diagonal of the covariance matrix gives the variance of the set of spectra at each wavenumber. 
In that way, a higher dimensional data matrix can be projected onto a low component subspace 
(maximal dimensionality reduction).135,136 
 
Before PCA can be performed on a set of Raman spectra, the data must be pre-processed.136 




a) Cosmic ray/spike removal on individual spectra during monitored Raman spectra collection 
in LabSpec.137 
b) Interpolation to align the spectral axis in IgorPro.131,136 
c) Polynomial baseline subtraction in Raman Tool Set.130,138 
d) Total area normalization in Raman Tool Set to remove artefacts from spectral acquisition. 
Source and environment fluctuations might add variability to Raman spectra that are not related 
to differences in the sample.136 
e) 0.65 Cubic spline smoothing in Raman Tool Set.130,138 
f) Outlier removal. A spectrum with a PC1 or PC2 score greater/lesser than 3 times the 2SD of 
PC1 or PC2 was removed (99% confidence level).136 
 
PCA was then performed through R Studio.139 The spectra were scaled so that the mean of each 
point was zero. The PCs were selected according to the Kaiser’s criterion where only PCs 
covering >1% variance were taken into consideration.140 The constituents representing the 








3. Polarization dependent Raman measurements on celery cellulose  
The purpose of the research work presented in this chapter was to characterize the Raman 
signature of the cellulose substrate obtained from celery collenchyma comprehensively with 
univariate and multivariate analyses, such as peak intensity ratio (PIR) and principal 
component analysis (PCA). Raman signatures of celery cellulose at different Raman 
orientations (0°- 90° in increments of 30±1°) are described on the micron scale. The first part 
of this chapter is devoted to the description of the vibrational spectra of celery cellulose from 
collenchyma cells with confocal Raman spectroscopy as the main spectroscopic method, 
complemented with ATR-IR spectroscopy. The second part presents the study of the angle-
dependent transition of normalized bands in respect to the Raman collection angle. The third 
part contains the statistical analysis of Raman measurements. Statistical measures such as 
average spectra, standard error waves and 2nd order standard deviation of individual Raman 
spectra are listed in the appendix. Each Raman peak represents a combination of group 
frequencies, where the standard error of the mean will converge at different rates. The 
percentage standard error for the ratio of the majority of cellulose peaks was found to be 
converged for 50 Raman spectra. Therefore, it was concluded that it is necessary to collect a 
minimum of 50 random point spectra from a cellulose sample to ensure proper characterization. 
The convergence test was repeated for enzymatically treated cellulose on datasets comprising 
~50 individual Raman spectra per sample. 
PIR analysis was used to quantify the changes in peak intensity in respect to their collection 
angle (polarisation dependent Raman spectroscopy). PIR analysis undertaken by this study was 
able to identify the orientation of the majority of characteristic bonds. PCA was used to separate 
the samples by their cumulative spectral features and to provide a basis for deeper spectral 
analysis based on the PCA loadings. Although partially separated by PCA, the 30° and 60° 
spectra have shown to represented angle-dependent ‘transition states’, wherefore it was 






3.1 Raman and  ATR-IR spectra of cellulose from celery collenchyma 
Figure 3.1 shows a representative ATR-IR spectrum of highly oriented, semi-crystalline 
cellulose from celery  (blue line) and a corresponding Raman spectrum where the sample 
orientation was perpendicular (90°) to the electric vector of the laser light (red line).  
  
Figure 3. 1: (a) Infrared and (b) Raman spectrum of cellulose from celery collenchyma. Top trace IR spectrum in 
% transmission (%T): The lower the transmission value the greater the absorption (blue line). Lower trace Raman 
scattering in intensity (red line). For both spectra, the fingerprint region ranges from 250 - 1500cm−1 with 
annotation of the position of the main peaks. In the high wavenumber region, the annotation of the main peaks 












IR and Raman spectroscopy are vibrational spectroscopy methods that can be used 
complementary to obtain the full molecular vibrational information of a sample, as the 
techniques are based on two discriminative principles. IR absorption is based on the intrinsic 
dipole moment of a molecular bond, whereas Raman spectroscopy is based on its polarizability. 
As a result, strong Raman scatterer modes tend to give weak bands in the IR spectra and vice 
versa. This can be seen at the OH band at ~3400 cm−1 which is significantly stronger in the IR 
spectrum than in the Raman spectrum, and the CH stretch at ~2900 cm−1 that results in a strong 
Raman signal, and a weak peak in the IR spectrum. Both spectra exhibit very characteristic 
peaks in the fingerprint region (200 – 1500 cm−1). In correspondence to the specific sample 
environment, these bands exhibit distinct positions and widths. The cellulose microfibrils give 
a Raman signature comprising approximately 30 Raman bands per spectrum. Of these, the 
significant band contributions are summarized in Table 3.1.  
Table 3. 1: Position of group assignments of the cellulose bands found in literature corresponding to celery fibers 
(Figure 3.1)32,44,133,141,142 
Band position (cm−1) Assignment according to the maximum 
contribution to bands as per region32 
300 – 400 Ring torsions (out-of-plane deformations) 
400 – 700 Heavy atom bending CO and ring modes 
650 – 800 OH out-of-plane bending 
800 – 950 Bending involving heavy atoms (CCC, 
COC, OCC, OCO), ring and CO stretches, 
external bending modes of methylene group 
950 – 1150 Significant contributions from ring 
stretching, together with CO stretching 
motions 
1200 – 1450 Considerable coupling between angle 
bending involving one bond to a hydrogen 
atom and the other to a heavy atom (methine 
bending, methylene bending and COH in 
plane bending) 
2850 – 3000  CH and CH2 stretching 




3.2 Variation of Raman bands upon collection angle 
 
The Raman intensity of the cellulose bands of highly oriented cellulose from celery 
collenchyma depend on the angle between the orientation of the cellulose microfibrils and the 
electric vector polarisation of the incident laser.32  Figure 3.2 shows the microscopic images 
where celery was rotated from 0° to 90° in increments of 30. The alignment of collection angles 
were performed manually using a protractor. 
 
Figure 3. 2: x100 optical microscope image of celery cellulose fibers showing the collection angle at which the 
Raman spectra were collected. The polarisation of the laser is vertical wherefore: (a) 0° collection angle, (b) 30°, 





Figure 3.3 shows the Raman spectra of cellulose in the Fingerprint region (200 - 1800 cm-1)   
of crystalline cellulose from the parallel (0°) to the perpendicular polarized configuration (90°) 
in steps of 30. Figure 3.4 shows the respective spectra for the high wavenumber region. The 
spectra were collected at random points across the sample. The Raman spectrum from the 
undigested celery cellulose (control) mainly consists of cellulose, as well as hemicellulose 
residuals (peaks at around 830 cm−1). According to literature, changing the sample orientation 
from parallel to the laser polarization (0°) to perpendicular (90°) leads to strong changes in the 
Raman intensity in almost all characteristic bands with the exception of the two bands at 1376 
and 435 cm−1.32 The Raman band at 1376 cm−1 has therefore been used as reference point for 
baseline subtraction and PIR analysis. The Raman bands at 1465 cm−1 (HCH and HOC 
bending), 513 cm−1, 490 cm−1 and 377 cm−1 (heavy atom stretching) show higher intensities at 
90° than at 0°, thus indicating a vertical alignment of these groups (see Table 3.2). The first 
column of Table 3.2 shows the peak position of Raman bands as an average across the dataset. 
The second and third column show comparable peak positions found in literature and their 
annotations. Column 4 characterizes the maximum contribution of the vibrational modes in 
cellulose. A delocalization or a shift towards the lower wavenumber region when rotating the 
fiber axis from 0° to 90° was observed for the spectral features at 982 cm−1 and 810 cm−1, 
generally assigned to heavy atom stretching (C-C and C-O stretch) and bending (C-C and C-O 
bend). The displacement was ~ 10 cm−1 as determined by peak fitting. In 1987, Wiley and 
Atalla presumed, that the bands around 900 cm-1 are delocalized based on geometrical 
cellodextrin calculations. The band at 900 cm−1 was hence assigned to the β-glyosidic 
linkage.143 They further suggested through several empirical observations, that at ~ 900 cm−1, 
relative intensity changes are proportional to the amount of disorder in cellulose, as the likely 
sites of disorder are the glyosidic linkages.143 As expected and observed in this study, the 
glyosidic bonds of the glucopyranose ring units are oriented parallel along the fiber axis. To 
conclude, the bands that are most intense at 0° result from vibrations in which the maximum 
polarizability is parallel to the chain axis. For modes that are most intense at 90°, the maximum 
change in polarizability is perpendicular to the chain axis.93  
Several aspects are noticeable in the spectra: Firstly, in general, symmetric stretches of 
bonds (COC bond at 1095 cm−1)  tend to yield stronger Raman bands when the orientation is 
parallel to the electric vector of the excitation laser. The direction of their maximum 
polarizability (polarizability tensor) is hence approximately parallel to the chain axis.122 Totally 




respect to the vibrational modulation of the bond.98 Secondly, fine structures (shoulders etc. at 
e.g. 1145 cm−1), referred to as Raman ‘splits’, change in intensity relative to the electric vector 
of the excitation laser.98 Both the 1095 and 1120 cm−1 peaks have traditionally been assigned 
to symmetric and antisymmetric COC stretches plus ring breathing, respectively.99 The peak 
fitting results including statistical uncertainties are summarized in Table 3.2. The observed 
Raman bands are characteristic for natural cellulose Iβ and can be correlated to the 
corresponding vibrational modes of cellulose found in literature.19,39,44,50,133,143–145 Overall, the 
results presented highlight two important considerations in the system: (a) the 
intensity/polarizability of vibrational modes in respect to the electric vector of the laser and (b) 
Raman peak splitting due to reorientations of the polarization axes.10 This means that the vector 
of the polarizability matrices of the same chemical groups are oriented differently within the 
structure, resulting in two distinguishable peaks (a peak ‘split’). The bands that are most intense 
at 0° result from vibrations in which the maximum polarizability is parallel to the chain axis. 
For modes that are most intense at 90°, the maximum change in polarizability is perpendicular 
to the chain axis93. 
 
 
Figure 3. 3: Average Raman spectra in the fingerprint region (1800 cm−1-200 cm−1) of dry, semi-crystalline 
cellulose fibers showing peak assignments (Table 1). The fibers were orientated in respect to the electric vector 




visualization. The graph shows from top to bottom the average spectrum at 0° (red) [n=141], 30° (blue) [n=78], 




Figure 3. 4: Average Raman spectra in the high wavenumber region (3700 cm−1-2500 cm−1) of dry, semi-
crystalline cellulose fibers showing peak assignments (Table 3.3). The fibers were orientated in respect to the 
electric vector of the laser from 0° to  90° in steps of 30. The graph shows the average spectrum at 0° (red) [n=141], 
30° (blue) [n=78], 60° (green) [n=126] and 90° (black) [n=191]. The low standard error envelope was added to 
each spectrum in grey (see sub-window). 
 
A convergence test (Table 3.2) and PCA analysis (Figure 3.5) were performed on these data 






 νs: symmetric stretching, ν as: asymmetric stretching; δ: scissoring; γw: wagging; γr: rocking, ρ: twisting 
Table 3. 2: : Raman bands for untreated cellulose fibers from celery collenchyma. Showing peak positions 
obtained in this work, peak locations from literature19,23,39,44,50,125,133,144,145,149, band assignments and maximum 
vibrational contributions to bands, respectively. Included in this table are the peak intensity ratio calculations from 
this work in respect to the band at 1376 cm−1. Symbo l ⃦ shows peaks, that were most intense at 0°, ⊥ at 90°, - 





3.2.1 PCA analysis of angle dependent Raman spectra of celery cellulose 
  
A convergence test (see Appendix S1) and PCA analysis were performed on these data sets to 
verify the statistical measurements and to complement the PIR analysis. PCA is a pattern 
recognition procedure, allowing to reduce a large dataset to its main differentiating 
components. Using PCA this study was able to show highly correlated spectral features which 
vary in respect to the electric vector of the laser light. The collection angle effects the whole 
spectrum. 0° (number of spectra n=141) and 90° (n=191) spectra show the greatest spectral 
changes, whereas Raman spectra at 30° (n=78) and 60° (n=126) represent ‘transition spectra’ 
between these two variances. Although separated by PCA, the separation of 0° and 30°, as well 
as 60° and 90° is less clear.  
PIR analysis was used to quantify the changes in peak intensity in respect to their collection 
angle (polarisation dependent Raman spectroscopy). PIR analysis undertaken by this study was 
able to identify the orientation of the majority of characteristic bonds. PCA was used to separate 
the samples by their cumulative spectral features and to provide a basis for deeper spectral 
analysis based on the PCA loadings. Although partially separated by PCA, the 30° and 60° 
spectra have shown to represented angle-dependent ‘transition states’, wherefore it was 
concluded that for the enzymatic study, only 0° and 90° spectra will be collected.  
Figure 3. 5: PCA plot of celery cellulose Raman spectra in the fingerprint region (200 – 1800 cm-1). The 
‘relevant’ data is comprised into a PCA plot where clusters indicate highly correlated spectral features. The 
analysis shows angle dependent transition values of peak intensities. 0° (n=141) and 90° (n=191) spectra do 




4. Raman spectroscopy investigation of the effects of enzyme action 
on oriented cellulose 
Abstract: 
The next step in this project was the ex-situ Raman analysis of enzymatically degraded crys-
talline cellulose fibers from celery collenchyma. The study in this chapter is motivated by 
providing a reliable quantitative method for the characterization of enzymatic degradation of 
cellulosic fibers. For this purpose, natural celery cellulose was degraded by one of three en-
zymes: CelS2 (here ScAA10), Cel7A or Cel7B. Cel7A is a cellobiohydrolase (CBH), whereas 
Cel7B is an endoglucanase (EG). The enzymes therefore differ substantially in their mode of 
action. This chapter discusses the effects of enzymatic degradation on oriented cellulose fibers. 
Polarized Raman spectra were collected at 0° and 90° (approximately 50 individual Raman 
spectra per sample) and enzymatic activity was verified with MALDI-TOF analysis. Structural 
changes on semi-crystalline celery cellulose after Cel7A and Cel7B cellulase treatment were 
determined with Raman spectroscopy after 72 h. However, structural changes in the Raman 
spectra of LPMO treated samples have not been observed. The polarized Raman spectra show 
distinct differences after Cel7A compared to Cel7B degradation. It was therefore concluded 
that it might be possible to elucidate and differentiate enzymatic mechanisms on crystalline 








4.1 Raman spectral analysis reveals changes in cellulose-specific bands  
 
Figure 4.1 and Figure 4.2 show the average Raman spectra from Cel7A (a), Cel7B (c) and 
ScAA10 (e) degraded cellulose, as well as negative controls. The spectra in Figure 4.1 were 
collected at random points across the sample at a fiber axis orientation of 0° to the electric 
vector of the laser, whereas the spectra in Figure 4.2 were collected at 90°. Peak fittings of the 
spectra have been performed to determine the peak location and their intensity. After Cel7A 
digestion, the resulting Raman spectra show predominant changes in the 900-1150 cm−1 region. 
These bands indicate the presence of pectinic sugars, probably residuals from the natural fibers. 
The high wavenumber region of Cel7A degraded cellulose shows an increase peaks at both 
2850 and 2950  cm−1 (CH and CH2 stretch) compared to the negative control. The average 
spectrum of Cel7B degraded cellulose are more distinct compared to the negative control, 
indicating an increase in crystallinity. This is indicated by a decreased band width of the Raman 
peaks. The Raman spectrum of LPMO ScAA10 degraded cellulose did not show any clear 
results besides the extinguished peaks around 850 cm-1 after the addition of reducing agent 
(ascorbic acid) which are normally attributed to hemicellulose peaks. These might indicate that 
the reducing agent itself also interacts with the cellulose sample.  This might indicate that the 
majority of the Raman peak signals do not arise from LPMO degraded cellulose.  
The 1095 and 1123 cm−1 peaks have traditionally been assigned to symmetric and 
antisymmetric COC stretch plus ring breathing, respectively.99Both of these peaks showed 
changes after enzymatic digestion by the cellulases but showed no change after LPMO 
treatment.  A previous study on plant polymers found that the Raman bands at 1219 - 1471 
cm−1 are also sensitive to xylan thus might have little diagnostic value for cellulose analyses.96 
Also the peaks around 1219 cm−1 are possibly closely related to COH and CH groups of both 
celluloses and xylan which also contribute to the 1313 cm−1 peak.96 The 1471 cm−1 is associated 
with cellulose and xylan, possibly related to the OH and CH2 vibrations96 The high 




and the ~3000-3700 cm-1 region is known as OH stretching region. The band assignments of 
significant bands are summarized in Table 4.1 
Figure 4.2: Comparison of normalized Raman spectra collected at 90° in respect to electric vector, n= number 
of spectra. (a) hydrolysed cellulose (Cel7A treatment) n=50, (b) negative control (buffer) n= 42, (c) hydrolysed 
cellulose (Cel7B treatment) n=54, (d) negative control (buffer + enzyme ScAA10) n = 65,(e) oxidized cellulose 
(ScAA10 treatment) n=50, (f) negative control (buffer + Na-ascorbate) n=50. 
 
Figure 4.1: Comparison of normalized Raman spectra collected at 0° in respect to electric vector, n= number 
of spectra. (a) hydrolysed cellulose (Cel7A treatment) n=22, (b) negative control (buffer) n= 45, (c) 
hydrolysed cellulose (Cel7B treatment) n=59, (d) negative control (buffer + enzyme ScAA10) n=48, (e) 





The changes observed in the Raman spectrum indicates that the molecular composition of the 
cellulose fiber changes after cellulase treatment.  










1465 1465 ± 1 δ(HCH) 44,141 
1378 1376 ± 2 δ(HCC), δ(HCO), δ(HOC) 44,141 
1262 
1256 
1260 ± 6 ρ(HCH),   γ𝑟(HCH), γ𝑟(HOC), γ𝑟(COH) [origin of 
assignment: ‘amorphous region’ of cellulose] 
δ(CH), δ(COH) [origin: hemicelluloses] 
133 
1121 
1094 1092 ± 1 ν(COC) glyosidic, assymetric 44,141 
971 992 ± 22 ρ(CH2) 
44,141 
854 857 ± 2 (COC) skeletal mode of α-anomers [origin of assignment: 
pectin] 
142 
817 810 ± 10 ν(COH) ring [origin of assignment: pectin] 142 
380 377 ± 1 δ(CCC) ring 44,141 
1465 1465 ± 1 δ(HCH) 44,141 
 
The statistical convergence test (average of individual Raman spectra, their standard error and 





4.1.1 Raman analysis reveals changes in cellulose-specific signature peaks of hydroxylated 
cellulose - univariate and multivariate analyses 
 
Figure 4.3 shows the comparison of the intensity of cellulose-specific Raman bands at 1095 
and 1120  cm−1 from celery collenchyma with and without enzyme treatment. The spectra were 
total area normalized for comparison and the standard errors (red) represent the corresponding 
fitting uncertainties. The two cellulose signature peaks, 1095 and 1123 cm−1, show similar 
shape for all the samples.  
The amplitude of the peak intensity at 1095 cm-1 decreases by 16% after 72h of Cel7A 
treatment when the crystalline sample orientation was 0° along the fiber axis in respect to 
electric vector of the laser; and 35% for spectra collected at 90°. The Raman bands at 1120 
cm−1 after Cel7A treatment show decreased peak intensities of 20% at 0°, and 62% for spectra 
collected at 90°.  
According to literature, the activity of endoglucanase Cel7B (Humicola insolens) is 
restricted to amorphous cellulose regions. An increase of crystallinity in the Raman spectrum 
was observed through the intensified peaks at 90°, showing an increase of 17% at 1095 cm−1 
and 10% at 1120 cm−1. At 0° collected spectra show a decreased peak intensity by 12% at 1095 
cm-1  and 11% at 1120 cm−1.  
The LPMO ScAA10 treated cellulose samples, however, show no significant changes 
compared to their corresponding negative controls, indicating that the substrate changes are 










Figure 4.3: Comparison of cellulose’s signature Raman peaks at 1095 cm-1  and 1120 cm-1 in enzymatically 
degraded celery cellulose. All spectra are normalized. Red bars indicate the standard error. Samples include Cel7A 
degraded cellulose, Negative control cellulose – Buffer, Cel7B degraded cellulose, Negative control cellulose – 
Buffer with ScAA10, ScAA10 degraded cellulose, Negative control – Buffer with reducing agent Na-ascorbate. 
(a): Peak ratio 1095 cm-1 at 0° , (b) Peak ratio 1095 cm-1 at 90°, (c) Peak ratio 1120 cm-1 at 0°, (d) Peak ratio 
1120 cm-1 at 90°.  The peak heights in semi-crystalline cellulose for cellulose specific peaks shows significant 
variance of cellulose peak intensities after Cel7A and Cel7B treatment compared to their negative control, whereas 










4.2 Optical microscopy on enzymatically degraded cellulose 
 
The Horiba XploRA Raman instrument used for Raman spectroscopic analysis is also a 
confocal microscope. Figure 4.4 (a) shows disruption of the otherwise highly oriented fiber 
orientation after Cel7A treatment, showing that the enzyme has been acted on the substrate. 
This is in alignment with the current literature, stating that Cel7A works in a disruptive manner, 
snapping individual cellulose chains out of the crystalline structure.126 A change in the 
morphology of the substrate after Cel7B treatment (Figure 4.4 (c)) is not clearly visible. A 
comprehensive study will be needed to further characterize the substrate changes and allow to 
learn about the mechanism of the enzyme on the substrate, e.g., advanced microscopic 
techniques such as EM would allow better resolutions.  
(a)                                                                                  (b) 
 (c) 
 
Figure 4.4: Optical microscopy image of cellulose fibers during Raman analysis, x100 optical lens. The fibers 
are vertically oriented to the microscopy stage, the electric vector of the laser is vertical. (a) Cel7A degraded 




4.3 PCA indicates highly correlated Raman bands across the whole spectrum of Cel7A 
degraded cellulose  
 
Figure 4.5 compares the PCA scores of Cel7A treated cellulose (black) and the negative control 
data (red) from 0° (a) and 90° (b) experiments, respectively. The Cel7A treated cellulose 
sample is clearly distinguishable from the negative control. Interestingly, the cluster that 
contains a significant spectral component are observed to spread along PC2. Along PC1, the 
spectra remain clustered. Examination of the loading plots revealed that the separation is due 
to the bands at 800, 1000 and 1200 cm-1 attributed to cellulose and hemicellulose specific 
peaks. The corresponding Loading Plots PC1, PC2 and PC3 (as well as PC4) show high 
correlations across almost all Raman bands. The average Raman spectra are shown in Figure 
4.6 and 4.7.  
a                                                                            b 
 
Figure 4.5: PCA analysis results of Cel7A treated cellulose sample at 0° (a) and 90° (b). Cel7A degraded cellulose 
is shown in black, negative control is shown in red. (a) PC1 covers 45% variance, PC2 = 13% variance, PC3 = 








4.4 Cel7B degradation increased macromolecular order and crystallinity of cellulose 
samples as detected with Raman spectroscopy 
 
Figure 4.8 provides the PCA scores of Cel7B treated cellulose (blue) to its negative control 
(red) at 0° (a) and 90° (b), respectively. The corresponding Loading Plots PC1, PC2 and PC3 
(as well as PC4) show that the biggest variance is caused by spectral background, meaning that 
differences were not caused by individual peaks but by subtle changes in peak widths. This 
might indicate that the amount of amorphous cellulose regions drastically decreased and, 
consequently the crystallinity of the sample increased. The resulting crystal structure is 
therefore more ordered. Raman spectra of crystals or anisotropic samples compared to isotropic 
samples (e.g., liquids) have sharper peaks and narrower peak widths. Due to the physical 
coherences of these property, solid samples are usually fitted mathematically with a Gaussian 
fit whereas peaks of liquids and gasses follow a Voight-Lorentzian distribution.132,146  
However, further work will be needed to understand if this could be used to establish a 
correlation between the visual, physical and chemical signs of enzymatic cellulose degradation 
of amorphous regions. The average Raman spectra are shown in Figure 4.9 and 4.10.  
a                                                                            b 
 
Figure 4.6: PCA analysis results of Cel7B treated cellulose sample at 0° (a) and 90° (b). Cel7B degraded cellulose 
is shown in blue, negative control is shown in red. (a) PC1 covers 42% variance, PC2 = 12% variance, PC3 = 8% 






4.5 ScAA10 degraded cellulose fibers 
The univariate and multivariate analyses on ScAA10 treated cellulose samples do not show 
clear results when the vibrational Raman spectra compared to the negative control. Here, the 
spectra of ScAA10 degraded cellulose of two different replicas are shown, at 0° (Figure 4.11) 
and 90° (Figure 4.12), respectively. Two negative controls for ScAA10 treated cellulose 
samples were included. The first negative control included the fiber in addition of LPMO 
enzyme, but without the reducing agent Na-ascorbate. It is assumed that the enzyme is cannot 
function in the absence of reducing agent. The second negative control contained only the Na-
ascorbate with buffer. The peaks around 850 cm-1 were identified as xylan specific peaks, 
which explains their depletion after treatment with Na-ascorbate.96 The sub windows in Figure 
16 and 17 show the peak at 897 cm-1 assigned to the β-glyosidic linkage which might indicate 
distortion in the crystalline cellulose conformation. The relative peak intensity for the replicate 
2 at 90° shows no statistical variation and differences in replicate 1 are due to background. The 
analysis of the liquid fraction after the enzymatic degradation of cellulose fibers with MALDI-
TOF mass spectrometry revealed C1 and C4 oxidized mono- and oligosaccharides in the liquid 
fraction of the replicate sample for which Raman spectra were collected at 90°, however this 








Figure 4.7: Replicate 1. Raman spectrum of fingerprint region of isolated and dried cellulose from celery 
collenchyma, washed and dried after treatment with ScAA10 for 72 h. Raman spectra were collected at 0° in 
respect to electric vector. The graph includes the average spectra of ScAA10 treated cellulose fiber (black) 
comprising 63 individual spectra, negative control with reducing agent Na-ascorbate (magenta) comprising 54 

























Figure 4.8: Replicate 2. Raman spectrum of the fingerprint region of isolated and dried cellulose from 
celery collenchyma, washed and dried after treatment with ScAA10 for 72 h. Raman spectra were 
collected at 90° in respect to electric vector. The graph includes the average spectra of ScAA10 treated 
cellulose fiber (black) comprising 51 individual spectra, negative control with Na-ascorbate (magenta) 
comprising 50 individual spectra, negative control with enzyme and without reducing agent (red) 




4.6 MALDI-TOF analysis 
The conducted MALDI-TOF experiment was a qualitative analysis of the soluble phase of 
enzyme experiments. The aim was to identify oligosaccharides that were produced by the 
enzymes and hence verify enzymatic activity. MALDI-TOF mass spectrometry is particularly 
useful in investigating cellulose-degrading enzyme activity because it allows the detection of 
the different oligosaccharides that are released after the oxidation of the solid cellulose 
substrate. At pH 6.5 and in presence of a 100-fold excess of Na-ascorbate the enzyme produced 
soluble fractions in only one of the replicates, producing aldonic acids and 4-keto-aldoses with 
different degrees of polymerization. In the single measurement that showed activity, the 
products seen is comparable with the activity reported by Forsberg et al..147 This earlier study 
stated that it is difficult to show soluble ScAA10-generated products when using substrates 
with high a degree of polymerization (DP) and the amounts of soluble products can be minor.147   
Figure 4.9: MALDI-TOF analysis of ScAA10 on celery cellulose shown in red. Cellulose + ascorbate (1mM), pH 
6.5: Panel show soluble native (Glc5- - Glc10) and oxidized cello-oligosaccharides. Only the main peaks in each 
oligosaccharide cluster are labelled. The oxidized oligosaccharide is observed as sodium adducts, as is commonly 
seen for carbohydrates containing carboxylic groups148. Glcal = aldonic acid; Glc-2 = oxidation from R-OH to 
R=O (measured molecular weight). Observed masses in the Glc clusters  are Glc6 + Na (1013.44); Glc7/ Glc7-/ 
Glc7al (1173.53/1175.53/1191.53); Glc8-/ Glc8al (1337.61/1353.61); Glc9-/ Glc9al (1497.65/1513.65); Glc10-/ 





Figure 4.10 shows an overview of the qualitative MALDI-TOF analyses. Cel7B and Cel7A 
show several peaks that can be related to sugar residues, whereas ScAA10 show some cellulose 
activity, although these could not be verified by Raman analyses.  
 
Figure 4.10: Overview of MALDI-TOF results. All enzymes show a pattern of saccharide fractions. The negative 
controls Buffer and Buffer + asc are comparably clean (peaks resulting from buffer). Buffer + ScAA10 (although 
used as negative control ‘leaking’ action) and ScAA10 + asc show a characteristic pattern of oligosaccharides, 
too; so do Cel7A and Cel7B. 
 
4.7 PCA of LPMO samples 
 
Based on the results of chapter 4.5 and Chapter 4.6, PCA was performed to identify any spectral 
information, that might be hidden. The PCA analysis results of LPMO ScAA10 treated 
cellulose are shown in Figure 4.14. PCs according to the Kaisers’ criterion (variance >1%) 
were taken into consideration to try to detect the carbonyl stretch introduced by the oxidative 
mode of enzymatic LPMO action at around 1770 cm-1.101 Figure 23 show the PCA plots of the 
1100 cm-1 – 1800 cm-1 region of Raman spectra collected at 90° in respect to the electric vector 
of the excitation laser. PC2, PC3, PC4 and PC6 were representatively chosen based on the 
results of the loading plots, as these were showing some variation in the region of interest. 
However, the analysis of the current samples do not give clear results. Corresponding Raman 





Figure 4.11: PCA for LPMO ScAA10 treated celery cellulose (2nd replicate), ScAA10 treated cellulose shown in 
(cyan) [n=51] with negative control (magenta) [n=50]. Top plots show PC2, PC3 and PC4 (A) whereas the plots 
on the bottom show PC2, PC3 and PC6 (B). The PCs represent PC2= 11% variance, PC3= 8%, PC4= 5% and 







5. Discussion and Conclusions  
 
Raman spectroscopy has been utilised to characterize highly oriented cellulose after LPMO 
and cellulase treatment, as it was hypothesized to provide a sensitive, non-destructive and label-
free method that can be used quantitatively to determine cellulose-specific changes. The spectra 
were collected at random points across the sample. LPMO ScAA10 treated cellulose did not 
show any significant differences to the negative controls. The current setup might therefore not 
be sensitive enough to detect the subtle surface changes after LPMO treatment or the weak 
Raman intensity of carbonyl (C=O) bonds, because some enzymatic activity could be 
qualitatively detected by MALDI-TOF mass spectrometry. However, more LPMOs should be 
tested to evaluate the current findings. ScAA10 has C1 activity, future research could include 
LPMOs with C4-oxidation activity such as LsAA9A to see if changes on the cellulose surface 
appeared. Moreover, it might be that ascorbate is interacting with the cellulose samples, as 
peaks in the Raman spectra around 850cm-1 diminished for Na-ascorbate treated samples. It 
would have been beneficial if another reductant could have been used and investigated, such 
as hydrogen peroxide. The Raman analytical approach supports detection of enzyme activity 
and characterization of cellulases. In this project, the activity of well-known cellulases Cel7A 
and Cel7B were characterised based on morphological changes in the supramolecular structure 
of highly oriented, semi-crystalline celery cellulose. The enzymatic activity on the investigated 
materials was verified by MALDI-TOF analysis of the soluble fraction. The Raman data of 
cellulase-treated cellulose collected in this study suggest, that the cellulose specific signature 
peaks at 1095 and 1120 cm-1  may be correlated with the degree of enzymatic degradation at 
advanced stages of degradation using univariate and multivariate analysis methods. These peak 
positions are commonly used for Raman imaging techniques. It was found that Cel7A disrupted 
glycosidic bonds  had a significant macromolecular impact on the structure of celery 
microfibrils (up to 18 ± 2% decrease of the symmetric COC stretch). Investigations on the full 
spectral range of Cel7A degraded cellulose, in consideration with microscopic observations, 
lead to the conclusion, that enzymatically degraded celery fibers increase the degree of disorder 
in the sample and reveal residues of incorporated hemicelluloses that have not been fully 
removed. The optical image of Cel7A degraded cellulose confirmed changes in the morphology 
of the fiber structure, and hence confirm enzyme activity. Cel7B action is restricted to 




decrease of peak widths across the spectrum and increased peak intensity of cellulose specific 
bands of 13.5 ± 3.5% at 90° and decreased cellulose specific peak intensities of 11.5 ± 0.5 % 
at 0° (the direction of disorder is lateral). Principal component analysis (PCA) provided an 
opportunity to distinguish the datasets into subgroups (cluster) and it is hoped that in the future 
it can be used to detect specific levels of cellulose degradation. However, other parameters 
such as the peak width need to be taken into consideration and an applicable quantification 
method needs to be developed. Future work involves the cross-validation of PCA results, and 
the development of a valid statistical model based on larger datasets which results in a 
straightforward Raman-based assay for highly efficient carbohydrate active enzymes on the 
basis of PCA/LDA (linear discriminant analysis). This requires multivariate calibration and 
classification models based on larger datasets. Advanced microscopic techniques, such as EM 
would allow higher resolution of microscopic images and could potentially visualize and 
complement current findings. Chemical specific information about crystallinity changes of the 
samples could be complemented with WAXS and solid-state NMR. Further experiments, such 
as heavy atom labelling of cellulose with D2O by cellulases, although affecting enzyme 
kinetics, might lead to a new OD-Raman band in the cellulose spectrum which would represent 






Appendix S1: Convergence Test on natural celery cellulose 
0° 
  
(a)      (b) 
Figure S1.1: Averaged Raman spectra of celery cellulose at 0° in the (a) fingerprint region and (b) high 
wavenumber region (n=139). 
 
 
(a)      (b) 
Figure S1.2: Convergence of the standard error of the mean as a function of the number of spectra in the average 
at 0° in the (a) fingerprint region and (b) high wavenumber region (n=139).  
 
 
(a)      (b) 
Figure S1.3: Convergence of the 2nd order standard deviation as a function of the number of spectra in the average 







(a)      (b) 
Figure S1.4: Averaged Raman spectra of celery cellulose at 30° in the (a) fingerprint region and (b) high 
wavenumber region (n=78). 
 
(a)      (b) 
Figure S1.5: Convergence of the standard error of the mean as a function of the number of spectra in the average 
at 30° in the (a) fingerprint region and (b) high wavenumber region (n=78).  
 
(a)      (b) 
Figure S1.6: Convergence of the 2nd order standard deviation as a function of the number of spectra in the average 







(a)      (b) 
Figure S1.7: Averaged Raman spectra of celery cellulose at 60° in the (a) fingerprint region and (b) high 
wavenumber region (n=126). 
 
 
(a)      (b) 
Figure S1.8: Convergence of the standard error of the mean as a function of the number of spectra in the average 
at 60° in the (a) fingerprint region and (b) high wavenumber region (n=126).  
 
 
(a)      (b) 
Figure S1.9: Convergence of the 2nd order standard deviation as a function of the number of spectra in the average 







(a)      (b) 
Figure S1.10: Averaged Raman spectra of celery cellulose at 90° in the (a) fingerprint region (n=190) and (b) high 
wavenumber region (n=150). 
 
(a)      (b) 
Figure S1.11: Convergence of the standard error of the mean as a function of the number of spectra in the average 
at 90° in the (a) fingerprint region (n=190) and (b) high wavenumber region (n=150). 
 
(a)      (b) 
Figure S1.12: Convergence of the 2nd order standard deviation as a function of the number of spectra in the average 





Appendix S2: Convergence test on enzymatically treated cellulose  
 
0°, Fingerprint region 
Average Raman spectra 
 
                                 (a)                                                            (b)  
 
                                 (c)                                                            (d) 
 
                                 (e)                                                            (f)  
Figure S2.1: Convergence test of averaged Raman spectra taken in the fingerprint region (200 – 1800) for dry 
cellulose after enzymatic treatment. Collection angle of Raman spectra was 0°. Standard error of average Raman 
spectrum comprising all individual Raman spectra is shown in grey. (a) oxidized cellulose (ScAA10 treatment) 
n=63, (b) hydrolysed cellulose (Cel7B treatment) n=59, (c) Negative control (buffer + enzyme ScAA10) n = 48, 
(d) Negative control (buffer) n= 45, (e) hydrolysed cellulose (Cel7A treatment) n=22, (f) Negative control (buffer 
+ Na-ascorbate) n=54. The averaged spectra have been polynomial baseline subtracted, total area normalized, and 





0°, Fingerprint region 
Standard error wave 
 
                                  (a)                                                                (b) 
 
                                  (c)                                                              (d) 
 
                                  (e)                                                              (f) 
Figure S2.2: Convergence test of the standard error of the mean as a function of the number of spectra in the 
average, as indicated by the legend for the fingerprint region (200 – 1800) for dry cellulose after enzymatic 
treatment. Collection angle of Raman spectra was 0°. The standard error waves are of the average Raman spectra 
shown in Figure S1. (a) oxidized cellulose (ScAA10 treatment) n=63, (b) hydrolysed cellulose (Cel7B treatment) 
n=59, (c) Negative control (buffer + enzyme ScAA10) n = 48, (d) Negative control (buffer) n= 45, (e) hydrolysed 
cellulose (Cel7A treatment) n=22, (f) Negative control (buffer + Na-ascorbate) n=54. As more spectra are added 
to the average, the SE can be seen to be decreasing. The spectra are described as converged if the difference 






0°, Fingerprint region 
2nd order standard deviation 
 
                                  (a)                                                                (b) 
 
                                  (c)                                                                (d) 
 
                                  (e)                                                                (f) 
Figure S2.3: Convergence test of the 2nd order standard deviation of the mean as a function of the number of 
spectra in the average, as indicated by the legend for the fingerprint region (200 – 1800) for dry cellulose after 
enzymatic treatment. Collection angle of Raman spectra was 0°. The 2nd order standard deviation waves are of the 
average Raman spectra shown in Figure S1. (a) oxidized cellulose (ScAA10 treatment) n=63, (b) hydrolysed 
cellulose (Cel7B treatment) n=59, (c) Negative control (buffer + enzyme ScAA10) n = 48, (d) Negative control 








0°, High wavenumber region 
Average Raman spectra 
 
(a)                                                                  
(b)  
                            (c)                                                                  (d)  
                          (e)                                                                   (f) 
 
Figure S2.4: Convergence test of averaged Raman spectra taken in the high wavenumber region (2500 – 3700) for dry 
cellulose after enzymatic treatment. Collection angle of Raman spectra was 0°. Standard error of average Raman spectrum 
comprising all individual Raman spectra is shown in grey. (a) oxidized cellulose (ScAA10 treatment) n=63, (b) hydrolysed 
cellulose (Cel7B treatment) n=59, (c) Negative control (buffer + enzyme ScAA10) n = 48, (d) Negative control (buffer) n= 
45, (e) hydrolysed cellulose (Cel7A treatment) n=22, (f) Negative control (buffer + Na-ascorbate) n=54. The averaged 




0°, High wavenumber region 
Standard error wave 
 
 
(a)                                                                (b)                                                        
 
(c)                                                                (d)             
 
                                (e)                                                                        (f) 
Figure S2.5: Convergence test of the standard error of the mean as a function of the number of spectra in the 
average, as indicated by the legend for the high wavenumber region (2500 – 3700) for dry cellulose after 
enzymatic treatment. Collection angle of Raman spectra was 0°. The standard error waves are of the average 
Raman spectra shown in Figure S4. (a) oxidized cellulose (ScAA10 treatment) n=63, (b) hydrolysed cellulose 
(Cel7B treatment) n=59, (c) Negative control (buffer + enzyme ScAA10) n = 48, (d) Negative control (buffer) n= 
45, (e) hydrolysed cellulose (Cel7A treatment) n=22, (f) Negative control (buffer + Na-ascorbate) n=54. As more 
spectra are added to the average, the SE can be seen to be decreasing. The spectra are described as converged if 







0°, High wavenumber region 
2nd order standard deviation 
 
 
(a)                                                              (b) 
 
                              (c)                                                                 (d) 
 
                          (e)                                                                    (f) 
Figure S2.6: Convergence test of the 2nd order standard deviation of the mean as a function of the number of 
spectra in the average, as indicated by the legend for the high wavenumber region (2500 – 3700) for dry cellulose 
after enzymatic treatment. Collection angle of Raman spectra was 0°. The 2nd order standard deviation waves are 
of the average Raman spectra shown in Figure S4. (a) oxidized cellulose (ScAA10 treatment) n=63, (b) hydrolysed 
cellulose (Cel7B treatment) n=59, (c) Negative control (buffer + enzyme ScAA10) n = 48, (d) Negative control 








90°, Fingerprint region 
Average Raman spectra 
 
                               (a)                                                                (b) 
 
                               (c)                                                                (d) 
 
                                        (e)                                                                (f) 
Figure S2.7: Convergence test of averaged Raman spectra taken in the fingerprint region (200 – 1800) for dry 
cellulose after enzymatic treatment. Collection angle of Raman spectra was 90°. Standard error of average Raman 
spectrum comprising all individual Raman spectra is shown in grey. (a) oxidized cellulose (ScAA10 treatment) 
n=50, (b) hydrolysed cellulose (Cel7B treatment) n=54, (c) Negative control (buffer + enzyme ScAA10) n = 65, 
(d) Negative control (buffer) n= 42, (e) hydrolysed cellulose (Cel7A treatment) n=50, (f) Negative control (buffer 
+ Na-ascorbate) n=50. The averaged spectra have been polynomial baseline subtracted, total area normalized, and 




90°, Fingerprint region 
Standard error wave 
 
                                (a)                                                               (b) 
 
                                 (c)                                                                (d) 
 
                                (e)                                                                (f)            
Figure S2.8: Convergence test of the standard error of the mean as a function of the number of spectra in the 
average, as indicated by the legend for the fingerprint region (200 – 1800) for dry cellulose after enzymatic 
treatment. Collection angle of Raman spectra was 90°. The standard error waves are of the average Raman spectra 
shown in Figure S7. (a) oxidized cellulose (ScAA10 treatment) n=50, (b) hydrolysed cellulose (Cel7B treatment) 
n=54, (c) Negative control (buffer + enzyme ScAA10) n = 65, (d) Negative control (buffer) n= 42, (e) hydrolysed 
cellulose (Cel7A treatment) n=50, (f) Negative control (buffer + Na-ascorbate) n=50. As more spectra are added 
to the average, the SE can be seen to be decreasing. The spectra are described as converged if the difference 





90°, Fingerprint region 
2nd order standard deviation 
 
 
                                 (a)                                                               (b) 
 
                                 (c)                                                               (d)               
 
                                 (e)                                                               (f)  
Figure S2.9: Convergence test of the 2nd order standard deviation of the mean as a function of the number of 
spectra in the average, as indicated by the legend for the fingerprint region (2500 – 3700) for dry cellulose after 
enzymatic treatment. Collection angle of Raman spectra was 90°. The 2nd order standard deviation waves are of 
the average Raman spectra shown in Figure S7. (a) oxidized cellulose (ScAA10 treatment) n=50, (b) hydrolysed 
cellulose (Cel7B treatment) n=54, (c) Negative control (buffer + enzyme ScAA10) n = 65, (d) Negative control 
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(a)                                                              (b)                        
 
                             (c)                                                                (d)                    
 
                              (e)                                                                (f)  
 
Figure S2.10: Convergence test of averaged Raman spectra taken in the high wavenumber region (2500 – 3700) 
for dry cellulose after enzymatic treatment. Collection angle of Raman spectra was 90°. Standard error of average 
Raman spectrum comprising all individual Raman spectra is shown in grey. (a) oxidized cellulose (ScAA10 
treatment) n=50, (b) hydrolysed cellulose (Cel7B treatment) n=54, (c) Negative control (buffer + enzyme 
ScAA10) n = 65, (d) Negative control (buffer) n= 42, (e) hydrolysed cellulose (Cel7A treatment) n=50, (f) 
Negative control (buffer + Na-ascorbate) n=50. The averaged spectra have been polynomial baseline subtracted, 






90°, High wavenumber region 
Standard error wave 
 
 
                              (a)                                                                (b) 
 
                             (c)                                                                (d)  
 
                             (e)                                                                (f)  
 
Figure S2.11: Convergence test of the standard error of the mean as a function of the number of spectra in the 
average, as indicated by the legend for the high wavenumber region (2500 – 3700) for dry cellulose after 
enzymatic treatment. Collection angle of Raman spectra was 90°. The standard error waves are of the average 
Raman spectra shown in Figure S10. (a) oxidized cellulose (ScAA10 treatment) n=50, (b) hydrolysed cellulose 
(Cel7B treatment) n=54, (c) Negative control (buffer + enzyme ScAA10) n = 65, (d) Negative control (buffer) n= 
42, (e) hydrolysed cellulose (Cel7A treatment) n=50, (f) Negative control (buffer + Na-ascorbate) n=50. As more 
spectra are added to the average, the SE can be seen to be decreasing. The spectra are described as converged if 






90°, High wavenumber region 
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                              (a)                                                               (b)  
 
                              (c)                                                              (d) 
 
                             (e)                                                              (f)  
Figure S2.12: Convergence test of the 2nd order standard deviation of the mean as a function of the number of 
spectra in the average, as indicated by the legend for the high wavenumber region (2500 – 3700) for dry cellulose 
after enzymatic treatment. Collection angle of Raman spectra was 90°. The 2nd order standard deviation waves 
are of the average Raman spectra shown in Figure S10. (a) oxidized cellulose (ScAA10 treatment) n=50, (b) 
hydrolysed cellulose (Cel7B treatment) n=54, (c) Negative control (buffer + enzyme ScAA10) n = 65, (d) Negative 
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